and izpisua@cmrb.eu W e have recently found that Rem2 GTPase, highly expressed in human embryonic stem cells (hESC), maintains the cell cycle and controls proper differentiation towards ectoderm, suggesting a role in neuronal development. We describe here the use of the zebrafish (Danio rerio) model to determine the physiological significance of Rem2 during embryogenesis. We show that Rem2 RNA is highly expressed in zebrafish embryos up to 2 hours of development followed by a decrease in expression until 48 hours when afterwards Rem2 is switched on again until 5 days. In situ expression analysis reveals that Rem2 is expressed exclusively in the tectum of the brain and eye of the zebrafish. Rem2 morpholino demonstrates impaired embryo development resulting in loss of neural tissue. We show that the mechanism of action of Rem2 is to control apoptosis and proliferation, peaking at 36 hours of development. Rem2 is downregulated under general differentiation conditions of hESC and is lower expressed in most differentiated cells; however, it is upregulated with neuronal development. This suggests that Rem2 is critical for neuronal development during embryogenesis by regulating proliferation and apoptosis. We propose a model in which Rem2 GTPase is a key regulator maintaining pluripotency during early stages of embryogenesis and survival of neurons during later embryonic development.
Introduction
Genes involved in switching between pluripotency and differentiation into specific cell
Rem2 GTPase controls proliferation and apoptosis of neurons during embryo development
Michael J. Edel Rem2 is a recently identified member of the Rem/Rad/Gem/Kir (RGK) family of Rasrelated GTPases, which were first described as overexpressed in muscle cells of patients with type II diabetes mediating signal transduction. 2, 3 Recently, Rem2 was identified from a functional genetic screen to by-pass a p53 induced senescence to immortalize somatic cells demonstrating a fundamental role for cell cycle control. 4 Interestingly, we have shown that forced expression of Rem2 under general differentiation of hESC causes improper differentiation to form ectoderm at the expense of mesoderm. 1 The Rem2 GTPase has been identified in neuronal development such as control neuron synapse formation and has enriched expression in the central extended amygdala. 5, 6 Recently two microarray-based experiments identified Rem2 as upregulated during the formation of two different adult stem cells, those making pancreas and those making dopaminergic neurons. 7, 8 This prompted us to investigate further the physiological role of Rem2 during embryonic development and we chose the Danio rerio model because it is a powerful model organism in the field of comparative genomics. 
Results

Annotation of Rem2 in Zebrafish and expression kinetics during embryogenesis.
extra view extra view been previously suggested in a microarray experiment, 8 we analyzed TH (tyrosine hydroxylase) expression in Rem2 morpholino. Indeed we find that loss of Rem2 function during zebrafish embryo development results in loss of the number of TH positive neurons, supporting that Rem2 is an important regulator of neurons during development of the embryo (Fig. 5) .
Model of Rem2 function in pluripotency and differentiation. We present the model that Rem2 is highly expressed in early embryo development during the formation of the inner cell mass and therefore likely plays a role in the pluripotency of the embryo. In agreement, we found that Rem2 maintains pluripotency and selfrenewal of ES cells by controlling the cell cycle and apoptosis to maintain survival of human embryonic stem cells (hESC). 1 During further differentiation of the embryo, different environmental conditions presented to the cells may regulate Rem2 expression. Assessment of Rem2 mRNA levels in hESC that have been differentiated towards neuronal linage demonstrates a 15-fold increase in Rem2 expression compared to controls suggesting a role for Rem2 in neuronal development (Fig. 5) . We propose that those cells that maintain high level of Rem2 GTPase expression are then destined to become neurons whereas most of other cells that have low levels differentiate into other lineages (Fig. 5) . Indeed Rem2 is not highly expressed in most tissues of the human or mouse (Novartis tissue arrays), further suggesting a specific expression in the brain.
Discussion
We have recently found that Rem2 GTPase is highly expressed in human embryonic stem cells (hESC) maintaining the cell cycle and apoptosis levels and controlling proper differentiation towards ectoderm, suggesting a role in neuronal development. 1 We have used the zebrafish (Danio rerio) model to determine the physiological significance of Rem2 during embryogenesis.
We show that Rem2 is expressed in the embryonic neural tissue of the developing zebrafish embryo. This is in general keeping essential during embryo development we performed a loss of Rem2 function experiment in vivo using Rem2 morpholino. Compared to morpholino controls, Rem2 morpholino demonstrates a loss of midbrain development at 36 hours (Fig.  3) . From the side view a clear indentation near the midbrain of the zebrafish is to be seen, suggesting loss of tissue (Fig.  3) . This is made clearer in the top view at 36-48 hours of development where phase contrast microscopy reveals that the 5 segments seen in controls are malformed and general head size is smaller (Fig. 3) . This suggested that loss of Rem2 causes loss of neural tissue during embryonic development.
Rem2 controls proliferation and apoptosis of neurons during embryo development. In order to define if loss of Rem2 function during zebrafish development regulates proliferation and apoptosis, we performed tunnnel and proliferation assay at the same time in whole fish embryos using antibodies against phosphorylated histone H3 respectively (Fig. 4) . At 36 hours of development a clear increase in apoptosis (Red) signal can be seen concomitant with loss of Rem2 function. A decrease in proliferation (Green) signal compared to morpholino controls and non-injected embryos are also observed (Fig. 4) . Quantification of apoptosis/proliferation ratios by image analysis software reveals that during embryo development the ratio of apoptosis increases more than 3.5 fold with loss of Rem2 at 36 hours of development. This demonstrates that Rem2 expression is critical at the 36 hour to 48-hour time point to maintain survival by regulating proliferation and apoptosis during development. Regulation of apoptosis by Rem2 was also assessed by another technique, Acridine Orange. This approach demonstrated with the Rem2 morpholino an increase in cell death in the eye and brain of the zebrafish in agreement with the Tunnel assays (Fig. S2) .
Importantly, the increase in signal intensity around the brain and eye regions of the embryo, correlates well with the Rem2 in situ analysis (Fig. 2) . This suggests that the cell type most affected by Rem2 expression are neural cells. To investigate this further and because a role for dopamine neuron development had To annotate the Rem2 gene in zebrafish we used a bioinformatics approach described in the material and methods section. In summary, we identified the zebrafish Rem2 gene from the EST sequence with the accession number gi 114118945 in the NCBI database (Fig. 1A) . Indeed, this sequence located on the zebrafish chromosome 2 hits best the human Rem2 gene by a Blast analysis, and is different from the other family members of the RGK GTPases in Zebrafish (data not shown). A multiple alignment of the protein sequences reveals the conservation of Rem2 across many species (Fig. 1A) . The hypothetical protein sequence can been seen in the Supplementary Section (Fig.  S1) . A phylogenetic tree of the RGK family confirms that the hypothetical protein is indeed the zebrafish Rem2 (Fig. 1B) .
Analysis of Rem2 mRNA expression levels by real time PCR of whole zebrafish embryos reveals that Rem2 is highly expressed at less than 2 hours (64 cells) of development and then decreases until 48 hours of development, following very closely the expression pattern of the pluripotency gene Oct3/4 (Fig. 1A) . At 48 to 72 hours of development Rem2 mRNA expression levels increase again to similar levels of expression seen at 2 hours, while Oct3/4 levels continue to decrease (Fig.  1A) . This suggests that Rem2 has a biphasic response during embryo development where it is needed during the 2-cell to 64-cell stage as a pluripotency factor and then its expression level decreases until the long-pec stage, where its expression level increases again in response to the differentiating embryo (Fig. 1) .
Rem2 is expressed in the brain of zebrafish embryos starting at 24 hours. Next we set out to investigate in more detail where Rem2 is expressed during embryo development. We performed whole embryo in situ analysis of Rem2 expression from the 24 hour stage to 5 days (Fig. 2) . We find that Rem2 is lowly expressed at 24 hours and increases towards 5 days of development where Rem2 expression increases dramatically in the neural tissue of the tectum of the zebrafish brain as well as to the eyes.
Rem2 morpholino causes impaired development of mid-brain of zebrafish. In order to judge whether Rem2 is cells are derived from. Following a reduction in expression levels of Rem2 mRNA, it is again switched on to high levels towards the 48 hour time point and is expressed exclusively in the tectum of the fish brain. The real time PCR data correlates very well with the Rem2 in situ hybridisation reults in which we see little expression of Rem2 mRNA at 24 hours and a specific signal developing in the neural tissue by 48 hours of development (Figs. 1 and 2) . Loss of Rem2 in the developing zebrafish embryo results in an increase of apoptosis/decrease in proliferation of embryonic neural tissue and a correlative loss of TH positive dopaminergic neurons by day 5 of development ( Figs. 4 and 5) . The exclusive expression of Rem2 GTPase during neuronal development has been described before, such as control neuron synapse formation and enriched expression in the central extended amygdala of the mouse.
5,6
Although we have previously demonstrated an essential role of Rem2 in the survival hESC in vitro, the survival of zebrafish embryos at the early stages (ICM formation) following loss of Rem2 expression is not contradictory to what we have seen in human ESCs, because of the rapid development of the zebrafish (before the morpholino can take effect). Moreover, there exits many other examples of embryonic development that are not affected by loss of ESC self-renewal factors such as Eras, Zfx or Tbx3. [10] [11] [12] Interestingly, both TBX3 and Rem2 have been shown to regulate the p53 pathway by similar mechanisms. 4 The data suggest that Rem2 has a critical role in promoting the survival and proliferation and therefore self-renewal of ESC cells in vitro. 1 Given that Rem2 can promote survival of dopamine neurons, further studies to determine the role of Rem2 for the development of dopamine neurons as well as cell replacement therapy for Parkinson's disease is warranted.
In conclusion, we present the model that Rem2 GTPase is a key regulator maintaining pluripotency during early stages of embryogenesis and survival of neurons during later embryonic development.
Methods
Zebrafish culture. Wild-type zebrafish of the Tubingen strain were maintained at show that Rem2 is highly expressed in early embryo development by real time PCR (less than 2 hours of development), which is the same stage as the inner cell mass development from which embryonic stem with location of expression of other RGK family members Rem1 and Rad, which are also expressed in the neural tissue albeit with a different localisation and expression pattern (http://zfin.org). Interestingly, we matches the structure of the human Rem2 gene. Moreover, when blated back to the human genome, the best hit for this protein is the human Rem2 genomic location on chromosome 16. We integrated this protein sequence, which we identify as the Rem2 zebrafish homolog into the multiple alignment of the RGK family, and drew a tree using MEGA3, 13 with a bootstrap of 1,000. We found a mRNA clone corresponding to this protein sequence in the databases with the accession number gi 114118945.
Cloning Danio rerio Rem2. The zebrafish Rem2 gene was cloned from zebrafish RNA using primers designed at the 3 we started with blating (http://genome. ucsc.edu/blat) the human Rem2 protein sequence, as well as other RGK family members, in order to identify the genomic location of a potential Rem2 by excluding from the hit list the genomic sequence of other members of the RGK family. There were two hits on chromosome 2 (one on the negative strand, and one on the positive one), which when extended and blasted against the NR protein database at NCBI hit a putative transposase, as well as an unannotated zebrafish protein (XP_001333620) and human Rem2. The gene structure (location of the exon-exon boundaries) of this hypothetical protein 27°C in a recirculating aquaculture system equipped with carbon filtration, ultraviolet light sterilizers and biofiltration (Aquatic Habitats). Fertilized eggs obtained from mating pairs of adult zebrafish were cultured in Holtfreter's solution (60 mM NaCl, 2.4 mM sodium bicarbonate, 0.8 mM calcium chloride, 0.67 mM potassium chloride) containing streptomycin and penicillin. Phenylthiourea (PTU, SigmaAldrich) was added for a final concentration of 0.003% to prevent pigmentation of embryos (up to 3 dpf) and larvae (>3 dpf).
Bioinformatics analysis to identify Danio rerio Rem2 gene. To identify the zebrafish ortholog of the human Rem2, KO-Serum Replacement (Invitrogen), 0.5% human albumin (Grifols, Barcelona, Spain), 2 mM Glutamax (Invitrogen), 50 μM 2-mercaptoethanol (Invitrogen), nonessential aminoacids (Cambrex) and 10 ng/ml bFGF (Peprotech). Cultures were maintained at 37°C, 5% CO 2 , with media changes every other day. hESC were routinely tested for normal karyotype. For hESC lines adapted to matrigel coated plates, HUES conditioned media from irradiated MEFs was used instead. MEFs were cultured using 10% FCS with DMEM. Differentiation towards endoderm, mesoderm and neuroectoderm was carried out by plating EBs on gelatin and DMEM medium with 20% FCS changed every second day for 2-3 weeks. Cells were then stained for appropriate markers described in the figures. Guided differentiation of EBs towards neurons was performed using FGF2/FGF8/SHH supplemented media.
Quantification using computer aided analysis software. Analysis of signal in whole embryos was done using computer assisted video analysis using Metamorph software. Briefly, a region of interest was set in a photograph of the whole embryo, a threshold for color set and exported directly to Excel for analysis. All data was analyzed using excel spreadsheet software for mean and standard deviation. alkaline phosphatase (Roche Molecular Biochemicals). After several additional washes, larvae were developed in an alkaline solution containing nitro blue tetrazolium (NBT) and 5 bromo-4-chloro-3-indolyl phosphate (BCIP). Larvae were dehydrated in methanol and impregnated with methyl salicylate prior to mounting on glass slides.
Rem2 morpholino. A morpholino (purchased from Gene Tools) was designed to hybridize to the 5 prime untranslated region of the Rem2 gene. The Rem2 morpholino (0.25 mM) was injected into embryos at the 1-to 4-cell stage. Primers were designed from zebrafish genomic sequence generated by the Sanger Institute (http://www.ensembl.org). Morphonlino sequences were as follows:
Rem2 morpholino: Apoptosis and proliferation assay. Apoptosis was measured in whole embryos using tunnel kit following manufactures instructions (Roche). Proliferation was measured in whole embryos using antibodies to phospho-H3 as a dual stain with tunnel. Briefly, embryos were blocked and photpho-H3 antibody applied over night at 4°C. The next day secondary anti rabbit Cy3 conjugated antibody was applied for 2 hours 37°C, washed 3 times in TBS, stained with DAPI (1:10,000) for 10 minutes and then fixed in 4% PFA for 50 minutes at R/T. Next, the TUNNEL kit from Roche was used following manufacturers instructions including an amplification step with anti-Rhodamine biotinylated for 2 hours R/T, overnight 4˚c and then for a further 2 hours R/T. Embryos were then washed, incubated with Steptavidin Alexa 568 (red) at 1:400 for 1 hour at 37°C, washed again and mounted in mounting medium. Photographs of whole embryos were taken using confocal microscopy.
Culture of human embryonic stem cells (hESC). hESC were derived and fully characterized at the CMR [B] . 16 They were maintained on either human feeder layers or on matrigel coated plates with HUES medium, consisting of KO-DMEM (Invitrogen) supplemented with 10% prime and 5 prime ends of the annotated sequence described in Figure 1. (FOR: GAG CTG ATG AAC TGA GGA ACG. REV: CGG TGG TCT CTC TCA TCT CC). A PCR product was produced using Taqman high fidelity kit following manufacturers instructions and cloned into PCR 2.1 vector using the poly A hangover. The resulting plasmid was sequenced to verify the correct DNA sequence and used in subsequent experiments. For whole embryo in situ analysis, full-length wild type Rem2 or a shorter 330 bp probe were used as probes and data presented in this paper are from the full-length probe. In situ hybridisation was performed as previously described.
Real time PCR and whole embryo in situ hybridisation. Total mRNA was isolated using TRIZOL and 1 ug was used to synthesize cDNA using the Invitrogen Cloned AMV First-Strand cDNA synthesis kit. For Rem2 and Oct3/4 we used the following primers: ZF Rem2. FOR: AAT CTG CGA CTC CAC AAA TCA G REV: GAC TCT GAA ACC CAA GCA GC ZF Oct3/4 (Pou5f1). FOR: GGT TCG GAA GCC CAG GAT T REV: TGA GCT GAG GGA ATG TTT TGC House keeping gene. Rpl 13A FOR: GTC TGA AAC CCA CAC GCA AA REV: GCC AAC TTC ATG GGC CAA T.
RNA probes were prepared using digoxygenin-UTP. In situ hybridization was performed essentially as described by.
14 Two probes were made, a full length, which photos in The TH probe was a kind gift of Amy Rubinstein. 15 Briefly, larvae were hybridized with probe overnight at 70°C in 50% formamide buffer. After several washes, larvae were incubated overnight with an antibody to digoxygenin conjugated to
